Abstract: Analysis of dielectric resonator probe (DRP) arrays operating in an oversized hard waveguide with sectoral hard horn excitation is presented. A single DRP excited by a coaxial probe is first investigated inside a hollow rectangular waveguide and a waveguide loaded with hard walls, respectively. Simulation results are compared with measurement results and show a good agreement. Then, a one-dimensional DRP array is analysed inside a dielectric-loaded, oversized waveguide with sectoral hard horn excitation. A full-wave analysis based on the region-by-region finite-difference time-domain technique is applied for the optimisation of array parameters such as inter-element coupling, active reflection coefficients and uniform excitation. Numerical results are compared with those generated by using commercial software and exhibit a very good agreement.
Introduction
As the frequency of operation increases, a single solid-state device cannot satisfy most applications requiring high power because the power produced from millimetre-wave solid-state devices drops significantly. An alternate way to obtain high power is to combine the power produced by many solid-state devices. Conventional power combining techniques are less useful at millimetre-wave frequencies because of their high conduction and material losses at these frequencies. Spatial power combining systems provide a solution to efficiently combine power in free space [1, 2] or in an oversized guided-wave structure [3 -6] . In this technique, an array of antennas that contain active devices is excited with a uniform field, and power carried by the incident field is amplified and re-radiated by the use of output antennas. Free-space spatial power combining systems were first designed with receive and transmit antennas located in the far field of a feeding antenna. In addition to the free-space spatial power combining systems, the waveguide-based spatial power combiners were developed by the placement of the antenna array inside an oversized waveguide. Thus, in a waveguide-based system the incident wave power is first distributed to an antenna array (power splitting function). The signal received by each antenna is amplified and fed to an antenna element of a second array. The second array then radiate the power either into space, or into another waveguide (power combining function). The waveguide-based spatial power combiners/dividers can be analysed more accurately and efficiently because of their compact structure.
A spatial power combining system is formed by an array of amplifying unit cells, with each cell receiving, amplifying and then transmitting a signal (Fig. 1) or radiating a signal into free space as shown in Fig. 2 . The incident signal from the transmit horn couples to an array of dielectric resonator antennas. Each antenna is coupled to a coaxial connector to a circuit (possibly through a coaxial line), containing matching networks and amplifiers. After amplification, the signal is coupled back to the antenna elements in the same manner, re-radiated through the dielectric resonator antenna array, and then collected by the receive horn or radiated into free space directly.
In order to increase the frequency bandwidth and efficiency of the spatial power combining system, the antenna array elements must be appropriately chosen and accurately modelled. Microstrip antennas have been used as array elements traditionally and dielectric resonator antennas (DRAs) became potentially useful as antenna elements a few decades ago [7] . The DRAs have many attractive features, such as flexibility in shape (rectangular [8] , cylindrical [7, 9, [10] [11] [12] , and spherical [13, 14] ), different feeding mechanisms (slots [15] , probes [9] , microstrip lines, coplanar lines [16] and dielectric image guides), a wide range of available materials (permittivity ranges from 4 to 100), small size, light weight and their inherently wideband nature. Compared with microstrip antennas, which suffer from conduction loss and surface waves in antenna array applications, DRAs have high radiation efficiency and high power handling capability. All these features make DRAs advantageous as antenna elements for array applications.
The excitation of a spatial power combining system is another important issue. In order to obtain efficient power combining, the incident power distribution must be uniform with the same magnitude and phase across the plane of the antenna array. To obtain a uniform excitation of amplifier arrays, hard electromagnetic walls have recently been realised by dielectric loading along the narrow sides of the waveguide and sectoral horn to obtain a uniform field distribution in the waveguide crosssection and horn aperture [17 -19] . In order to achieve high power combining efficiency and good matching, the DRA array is used to act as a set of dielectric resonator probes (DRPs) since they are not radiating in free space.
Since DRAs have been traditionally used in an openboundary environment as wideband radiating antenna elements, it is important to study the behaviour of DRPs in the waveguide and sectoral horn environment. It appears that the presence of the waveguide and sectoral horn with hard walls significantly affects the resonance and matching characteristics of the DRPs. This paper concentrates on the analysis of a one-dimensional DRP array in the sectoral horn in preparation for the analysis of the two-dimensional DRP array with a hard pyramidal horn. The simulation of electromagnetically large and complicated spatial power combining/dividing structures, which may include different dielectric materials, requires a fullwave analysis. A single DRP that is excited by a coaxial probe is first investigated in a hollow rectangular waveguide and rectangular waveguide with hard walls, respectively. Considering the waveguide cross-section space and feasibility of fabrication, narrow hard walls are realised using a frequency selective surface (FSS) [20] . Simulation results from the finite-difference time-domain (FDTD) method are compared with measurement results. Then, a 1 Â 3 coaxial probe-fed DRP array inside an oversized hard waveguide with sectoral hard horn excitation is simulated using the FDTD method. For this case, simple dielectric-loaded walls are applied. In the proposed FDTD algorithm, the region-by-region technique [21] is applied with the FDTD method to reduce memory requirements and simulation time. The scattering parameters found that using the FDTD method is compared with the results obtained from the commercial software HFSS [22] , and the active reflection coefficients from the coaxial line ports show that the entire system is matched with all the antenna elements excited simultaneously. The effects of array parameters such as inter-element antenna spacing and the distance of the horn walls to the array edges are investigated to obtain high power combining efficiency.
Theory
The DRP array excited by coaxial probes is located inside an oversized hard walled rectangular waveguide fed by a sectoral hard horn as shown in Fig. 3 . The geometry is analysed by using the FDTD method, wherein the array elements, rectangular waveguide and sectoral hard horn are discretised by traditional Yee cells, and the sectoral hard horn is modelled with a staircase approximation. A sinusoidally modulated Gaussian pulse is used for the excitation of the coaxial and waveguide ports, and the perfectly matched layer (PML) absorbing boundary is implemented to terminate both the waveguide and the coaxial line ports. Instead of modelling the whole structure with FDTD cells according to the largest dimensions, a region-by-region calculation method is applied to reduce the memory requirements and simulation time. In this method, the X-band rectangular waveguide is defined as region I, the hard sectoral horn as region II, the oversize hard walled waveguide with the one-dimensional DRA array inside as region III and all the coaxial lines as region IV. These four regions are updated separately and data communication between each region is performed for every time step. As a general example, the region-by-region procedure is illustrated for the case of two regions as shown in Fig. 4 . For each time step, the procedure can be explained as follows:
1. Update H x,y 1,2 in regions I and II separately. Perform data communication to set H x,y In the above procedure, L1 ¼ (A2 2 A1)/2 and L2 ¼ (B2 2 B1)/2; A1, B1 and C1 are the numbers of cells in region I in the x, y and z directions; A2, B2 and C2 are the numbers of cells in region II in the x, y and z directions. The notations E 1 and H 1 represent the electric and magnetic fields in region I, respectively, and E 2 and H 2 correspond to the electric and magnetic fields in region II. In our design, data communication occurs at three positions: the surface which connects the WR90 guide and sectoral horn, the surface connecting the sectoral horn and oversized waveguide, and the surface which connects the oversized waveguide and the three coaxial lines. Since WR90 and sectoral horn have the same connecting surface size, A1 ¼ A2, B1 ¼ B2 and L1 ¼ L2 ¼ 0. The surfaces connecting oversized waveguide and three coaxial lines are different, however, so for these cases A1 = A2, B1 = B2, as suggested by the general example of Fig. 4 . The memory utilisation was reduced by approximately half for our region-by-region FDTD method in comparison with a traditional FDTD method.
The scattering parameters are calculated in terms of port voltages normalised by the characteristic impedances of the waveguide and coaxial probes, respectively. The S-parameters of the system with the waveguide as port 1 and the DRP array with ports 2, 3 and 4 at the coaxial probe output are defined as
where n denotes the n-th coaxial line port, c is the velocity of light and b and v c are the phase constant and cut-off frequency of the dominant mode of the rectangular waveguide, respectively. In (1), V w 2 is the voltage calculated from the reflection field at the waveguide port, V w(cn) þ is the voltage calculated from the incident field at the waveguide (n-th coaxial) port, V w total is the voltage obtained from the total (incident plus reflected) field at the waveguide port and Z w(cn) are the characteristic impedances of the waveguide (n-th coaxial line). V k and I k are the voltage and current of the k-th cell in the n-th coaxial line. In order to compensate for half a cell difference in space between the electric and magnetic fields, the geometric average of two currents (I k21 and I k ) is considered. Time delay (exponential term in (2)) is introduced to compensate the difference in [23] .
The time-domain modal voltage of the rectangular waveguide in (1) can be calculated from the total electric field as the following integral over the waveguide cross-section a Â b
where V(z 0 , t) is the time-domain modal voltage of the dominant mode at z ¼ z 0 ,Ẽ(x, y, z 0 , t) is the total timedomain electric field in the waveguide cross-section, and e(x, y) is the electric-field vector wave function of the dominant mode [24] . The coaxial line is modelled by rectangular cells instead of two concentric cylinders. The inner conductor of the coaxial line is approximated as a thin wire with radius smaller than half of the FDTD mesh size [25] .
Results

Single DRP in rectangular waveguide
First, a single DRP excited by a coaxial probe and operating in a rectangular waveguide [26] is investigated to fully understand the behaviour of the DRP in a waveguide environment. As shown in Fig. 5 , good matching at approximately 10 GHz is obtained by tuning the DRP dimensions (5.0 Â 5.8 Â 7.62 mm) and feeding probe dimensions (length is 5.08 mm, radius is 0.3 mm and offset 2.0 mm in the vertical direction). The DRP element is built using Rogers RT/Duroid 6010 LM and a network analyser (HP8510C) is used to measure the reflection coefficient at the input of the X-band waveguide. Fig. 5 shows a good agreement between the calculation and measurement results. In order to design an efficient spatial power combining system, it is important to achieve a uniform power division among the elements of the DRP array by using hard walls. Hard walls are used in the spatial power combiner to create a uniform excitation of all array elements, and the study of a single element placed at different positions in the waveguide cross-section is important to predict the uniformity of coupling for the case of array. The presence of hard walls significantly affects the DRP characteristics because of the interaction between the DRP and the hard walls. To obtain a uniform field, different approaches can be used to realise hard walls, such as longitudinal corrugations, dielectric-loaded walls and a gangbuster frequency selective surface realisation. In order to have sufficient room to offset the single DRP from the centre of an X-band waveguide, very thin hard walls are required instead of simply two dielectric-loaded walls. Since two dielectric-loaded walls with dielectric constant 2.2 occupy approximately half of the waveguide cross-section, there is no space for the DRP to be offset from the centre. The FSS gangbuster realisation is chosen instead because it is easier to fabricate than longitudinal corrugations for achieving a uniform field at the waveguide cross-section. For the one-element design, hard electromagnetic walls in the hollow rectangular waveguide was created by loading its narrow walls with a grounded dielectric slab FSS composed of printed dipoles [20] as shown in Fig. 6 . The substrate has The dipoles printed on thin dielectric substrate have the following dimensions: length h w ¼ 8.5 mm, width t 1 ¼ 1 mm and periodicity t 2 ¼ 1.4 mm. For the resonant frequency of 10 GHz, where the surface acts as a high impedance surface, the structure is designed to be compatible with transverse electromagnetic (TEM) propagation and a uniform field distribution is achieved in the inner waveguide region (between dielectric slabs). The DRP is placed in two different positions: in the middle of waveguide and offset 4 mm from the waveguide centreline. Fig. 7 demonstrates that the resonance frequency and scattering parameters of these two cases are not changed significantly, which verifies that the uniform field distribution is achieved across the waveguide aperture.
DRP array with sectoral hard horn excitation
Since the aperture of the sectoral horn is large, the thick dielectric material can be loaded along the sidewalls in the sectoral horn to change the boundary condition so that the mode will propagate. By appropriately choosing the dielectric thickness d from the formula [27] d ¼ l
the uniform field distribution of the LSE 10 mode can be obtained. In (4), l is the wavelength in free space and 1 r is the relative permittivity of the dielectric material. The choice of dielectric material affects the bandwidth of the uniform field. A uniform field distribution across the waveguide aperture [27] can be achieved with a dielectric constant between 1.2 and 2.2, and 1 r ¼ 2.2 is used in our analysis. Hence, at the centre frequency of operation 10 GHz, the approximate depth of the hard wall, d ¼ 6.48 mm, calculated by (4), is approximately l d /4 (l d is the wavelength in dielectric). In Fig. 8 , the electric field amplitude at the aperture of the dielectric loaded sectoral horn is plotted along the x-axis at 10 GHz.
With the presence of the DRP array, the uniform field distribution at the sectoral hard horn aperture may change because of the excitation of the higher order modes. Therefore the DRP array dimensions need to be tuned appropriately [28] . The design parameters such as the array spacing, coupling among the elements of the array and the distance of the array to the waveguide H-plane walls are optimised for better performance. First, a 1 Â 2 DRP array inside an oversized waveguide loaded with hard walls with dimensions a Â b (with the top view of geometry in Fig. 9a ) is analysed. At the resonant frequency, a uniform field distribution is obtained by loading the sidewalls of the waveguide with dielectric material (1 r ¼ 2.2). Three different cases shown in the Table were studied for the reflection coefficients and mutual coupling between the DRP elements. In the Table and Fig. 9a , the parameters, including the inter-element spacing l 1 and the distance l 2 of the array to the dielectric hard walls with waveguide dimensions a Â b, are presented to achieve a minimum reflection and to reduce mutual coupling among the elements. Here, we chose l 2 to be equal to half of l 1 . Fig. 10 shows the self-reflection at element 1 for the three cases when the other ports are matched. A 17.8% bandwidth based on 210 dB return loss level is achieved when l 1 is 0.55l. Fig. 11 shows the mutual coupling from element 1 to element 2 with different l 1 , and fsdor l 1 ¼ 0.55l the mutual coupling is below 215 dB over the whole bandwidth. A 1 Â 3 DRP array inside an oversized waveguide with dimensions a 0 Â b as presented in the Table ( with geometry shown in Fig. 9b ) is next investigated to show the effect of l 1 and l 2 on the return loss and mutual coupling between DRP elements. Figs. 12 and 13 show reflection coefficients of the centre element 2 and the mutual coupling between element 2 and the neighbouring elements with different l 1 . It is evident that with l 1 being equal to 0.55l the desired return loss and mutual coupling can be achieved.
A 1 Â 3 DRP array excited by a sectoral hard horn with l 1 ¼ 0.55l and l 2 ¼ l 1 /2 was then analysed with the geometry shown in Fig. 3 . Both the results from HFSS and our results for the reflection coefficient at the input of the horn are shown in Fig. 14a , where 13% matching bandwidth based on 210 dB level is achieved. The transmission coefficients from the input of the horn to the three elements of the array are shown in Fig. 14b , and coupling from the sectoral hard horn to each of the three elements is approximately 25 dB, which indicates that an approximately equal power is divided among the array elements and that a uniform field distribution is achieved across the sectoral hard horn aperture in the presence of the array. Since we design the sectoral horn with oversized waveguide and DRP array as a whole system, Fig. 15 shows that the system is matched when exciting the three elements at the same time. These results show that the power transmitted from the waveguide port to the three coaxial ports is approximately equally divided and that the entire system is matched. The three coaxial ports need to be excited simultaneously with the same source to transmit power to the waveguide port, because the array will behave differently when the antenna elements are excited separately, since the changes in the load inside of the oversized waveguide will excite higher order modes. Therefore the array active reflection coefficients are investigated with all coaxial ports excited while terminating the X-band waveguide with a PML boundary. The excitation phase was placed at a distance of ten cells away from the PML surface of each coaxial line in the propagation direction. The active reflection coefficients are plotted for the array elements in Fig. 15 and the total transmission from all the coaxial ports to the waveguide port is shown in Fig. 16 . Fig. 10 Reflection coefficient at the coaxial port (element 1) for various distances between DRP elements for the 1 Â 2 DRP array Fig. 11 Mutual coupling between elements 1 and 2 in the 1 Â 2 DRP array Fig. 12 Reflection coefficient at the coaxial port (element 2) for various distances between DRP elements for the 1 Â 3 DRP array 
Conclusion
A waveguide-based spatial power combiner with a DRP array that is excited by either coaxial probes from the DRP side or a hard sectoral horn from the waveguide side was analysed by using the FDTD method combined with the region-by-region method to reduce computational memory and simulation time. The design parameters such as interelement spacing and the distance of the array to the oversized waveguide hard walls are optimised to increase the power coupling from the sectoral hard horn to the array elements. These analyses provide the necessary information to apply to the future design of a two-dimensional DRP array for good power combining efficiency. 
